Abstract
Methods
We used multiple methods to determine EOS from the satelliteobserved normalized-difference vegetation index and investigated the relationships between EOS and its potential drivers on the tibetan Plateau over 1982-2011.
Important findings
We found a slight but non-significant delay in regionally averaged EOS of 0.7 day decade −1 (P = 0.18) and a widespread but weak delaying trend across the Plateau over this period. the inter-annual variations in regionally averaged EOS were driven mainly by preseason temperature (partial R = 0.62, P < 0.01), and precipitation and insolation showed weak impact on EOS (P > 0.10). Pre-season warming delayed EOS mainly in the eastern half and north-western area of the plateau. In the south-west, EOS was significantly and positively related to SOS, suggesting potentially indirect effects of winter weather conditions on the following autumn's phenology through regulation of spring phenology. EOS was more strongly related with pre-season temperature in colder and wetter areas, reflecting vegetation adaptation to local climate. Interestingly, preseason temperature had weaker delaying effects on EOS for vegetation with a shorter growing season, for which SOS had a stronger control on inter-annual variations in EOS than for vegetation with a longer growing season. this indicates that shorter-season tibetan Plateau vegetation may have lower plasticity in adjusting the length of its growing season, whenever it begins, and that climate change is more likely to shift the growing season than extend it for that vegetation.
INtRODUctION
Phenology is the timing of recurring plant life-cycle events that are triggered by changes in environmental conditions (Elmendorf et al. 2016; Morisette et al. 2009 ). Plant phenological changes are increasingly becoming the focus of global change research, because they are sensitive to climate (particularly temperature) and could influence a variety of ecological processes and exert feedbacks to climate system (CaraDonna et al. 2014; Keenan et al. 2014; Korner and Basler 2010; Penuelas et al. 2009; Richardson et al. 2013; Schwartz et al. 2006; Wang et al. 2016) . Studies over the past two decades have focused mainly on spring phenology in temperate and cold regions and have revealed in general earlier spring events such as first flowering and start of the vegetation growing season (SOS, in day of year, DOY) over the past three decades under global warming (Menzel et al. 2006; Myneni et al. 1997; Parmesan 2007; Shen et al. 2014a; Wang et al. 2015b; Zhou et al. 2001) . In comparison, changes in the end of vegetation growing season (EOS) remain less studied, maybe because autumn phenology such as onset of dormancy or EOS is expected to be less sensitive to climate change because it's controlled more by environmental factors such as photoperiod and less by temperature than is SOS (Barichivich et al. 2013; Keskitalo et al. 2005; Lee et al. 2003; Way and Montgomery 2015) . Nevertheless, understanding EOS changes is essential for assessing and modelling the impacts of climate change on carbon and nutrient cycling (Estiarte and Peñuelas 2015) . Recent studies have revealed substantially delaying trends in EOS in the Northern Hemisphere over the past three decades and found that the EOS delay was larger than the SOS advance, thereby contributing more to the growing season extension (Garonna et al. 2016; Jeong et al. 2011; Zhu et al. 2012) . The EOS delay in the northern middle and high latitudes was associated mainly with pre-season warming, and with precipitation, insolation and SOS in a few areas (Jeong et al. 2011; Liu et al. 2016a Liu et al. , 2016b Yang et al. 2015) . Those studies also revealed large spatial variations in the impacts of climatic factors on EOS and in the magnitude of the delaying effect of higher temperature on EOS, but the underlying cause of those variations was not clear (Liu et al. 2016a; Wu et al. 2016a; Yang et al. 2015) .
The Tibetan Plateau has an average altitude of 4000 m above sea level and is the largest plateau on Earth. The high altitude results in a cold climate with a mean annual temperature ranging from −15 to +10°C (You et al. 2013) , and thus vegetation phenology and activity are sensitive to changes in temperature. As expected, climate warming over the past three decades has significantly advanced vegetation SOS on the Plateau (Shen et al. , 2015c . In contrast, recent studies based on satellite-observed normalized-difference vegetation index (NDVI) values show no significant trend in the regional averaged EOS over 1982 (Yang et al. 2015 ), 1982 -2011 (Che et al. 2014 ), or 1982 (Ding et al. 2015 , despite the increasing temperature (Duan and Xiao 2015) and the positive correlation between EOS and temperature on the Plateau (Ding et al. 2015; Liu et al. 2016b; Yang et al. 2015) . However, few explanations are available.
We propose three potential explanations. First, the absence of a trend in regional averaged EOS could be a result of spatial heterogeneity in the warming trend and in the response of EOS to climate change. This is possible because the wide climate gradient (a 25-°C temperature range and ~1000-mm precipitation range; (Gao and Liu 2013) has resulted in diverse plasticity of the various species across the Plateau (Shen et al. 2015b) . For example, EOS might be more strongly related to temperature in wetter areas across the eastern half of the Plateau (Ding et al. 2015) , although the 57 meteorological stations on eastern half of the Plateau are not sufficient to represent the heterogeneous climate of the Plateau (Piao et al. 2011) . In addition, changes in insolation and precipitation may also have contributed to inter-annual variations in some areas of the Plateau. Second, EOS determined from the NDVI can differ slightly among the algorithms used (Atkinson et al. 2012; Cong et al. 2013; White et al. 2009 ). Thus, multiple methods are needed to obtain a more robust assessment than studies based on a single algorithm. Third, changes in SOS may also affect EOS, as has been found in other regions (Keenan and Richardson 2015; Liu et al. 2016a) . For example, an advance in SOS led to an advance in EOS in a deciduous forest in the eastern USA (Keenan and Richardson (2015) ). If this explanation applies to the Tibetan Plateau, we could expect that the advancing SOS in the past 30 years (Shen et al. 2015c) would advance EOS and thus attenuate the delaying effects of warming on EOS.
In this study, we characterized the temporal changes in EOS on the Tibetan Plateau vegetation determined from the satellite-observed NDVI in 1982-2011 by using four algorithms. We then investigated spatial patterns in the relationships of EOS with climatic factors and SOS. Finally, we explored the mechanism underlying the spatial variation in the relationship between EOS and its dominant controlling factors.
MAtERIALS AND MEtHODS

Determination of EOS from NDVI
We used the third-generation NDVI (NDVI3g), produced by the Global Inventory Modelling and Mapping Studies (GIMMS) group (Pinzon and Tucker 2014; Tucker et al. 2005) , to determine annual EOS from 1982 to 2011. NDVI was designed to measure the changes in vegetation fractional coverage and green biomass by using the absorption of radiation at red band by chlorophyll and scattering of radiation at near infrared band by mesophyll Shen et al. 2008; Tucker 1979) . The NDVI3g dataset has been widely used to indicate changes in vegetation activity, including phenology (Buitenwerf et al. 2015; Garonna et al. 2016; Xu et al. 2013) . It has a temporal resolution of 15 days and a spatial resolution of about 0.083°. The GIMMS group has used many procedures to eliminate artefacts caused by aerosols, water vapor, orbital drift and sensor attenuation (Pinzon and Tucker 2014; Tucker et al. 2005) . In addition, we removed the impacts of changes in snow cover and clouds on NDVI by using the procedures described in Shen et al. (2014b) . The areas with sparse vegetation or weak seasonality were excluded before analysis, as described in Shen et al. (2014b) .
We determined EOS as the time when NDVI decreased fastest after the summer maximum (Piao et al. 2006) . The rate of decrease at time T is defined as (NDVI T − NDVI T-1 )/NDVI T , calculated from the 30-year-average NDVI curve. The NDVI value corresponding to the fastest rate of decrease is used as the threshold to determine annual EOS (Piao et al. 2006) from the interpolated daily NDVI. Because the interpolated NDVI value depends on the algorithm used (Atkinson et al. 2012) , we used four methods (supplementary Table S1 ) to interpolate daily NDVI from the 15-day NDVI, to obtain a robust assessment of EOS changes. It is worthy to note that there was currently no universal method to identify SOS or EOS on the NDVI curve. The local extreme of the fitted logistic curve has been used to determine the EOS and SOS (Shen et al. , 2012 (Shen et al. , 2015a (Shen et al. , 2015b (Shen et al. , 2016 Shen 2011; Wang et al. 2015a; Wu et al. 2016a ). However, it has been shown that the inter-annual phenological changes determined using local extreme exhibited temporal trends close to those determined using empirical threshold (Shen et al. 2014b) . For the dates of SOS and EOS for a given year, the difference among the methods for EOS determination may cause larger difference than the interpolating method. However, the trends and inter-annual variations in the EOS or SOS, which are the shifting of the NDVI curve between years, are largely determined by the interpolated NDVI curve, less by a specific algorithm for determining SOS or EOS on the NDVI (Shen et al. 2014b) .
Analyses
Temporal changes in EOS over the period 1982-2011 were assessed from the slope of the linear regression between EOS and year. The pre-season period whose temperature exerted the strongest effect on EOS was determined as the period preceding EOS mean (30-year-average EOS), but after SOS mean , with the highest partial correlation coefficient (absolute value) between EOS and temperature, after controlling for precipitation, insolation and SOS. The candidate pre-season periods begin at the date one day before EOS mean and end the day before EOS mean and have lengths of 15, 30, 45, etc. days. Pre-season periods with precipitation and insolation exerting the strongest impacts on EOS were determined in the same way. The effect of SOS on EOS was assessed using inter-annual partial correlation between them, with pre-season temperature, precipitation and insolation being the controlling variables. The phenological and climatic variables were all linearly detrended before the partial correlation analysis.
Temperature, precipitation and insolation data were extracted from the China Meteorological Forcing Dataset, which was developed by merging a variety of data sources at the Institute of Tibetan Plateau Research, Chinese Academy of Sciences . It provides continuous meteorological data every 3 h with 0.1° spatial resolution. We aggregated the original data to calculate the daily average temperature, daily total precipitation and daily average insolation for further analyses. The NDVI data were resampled to 0.1° to match the climate data using area-weighted linear average. SOS was retrieved from the GIMMS NDVI3g dataset as described in Shen et al. (2014b) .
RESULtS
Temporal trends in EOS
At the regional level, the ensemble mean of EOS over the four methods showed a slight but non-significant delaying trend of 0.7 day decade −1 (P = 0.18, Fig. 1a ). Non-significant delaying trends were also found in the regional average determined by each method (supplementary Table S2 ). Over the region, 73% of pixels showed delaying EOS, mostly at the eastern edge and in the western half of the Plateau (Fig. 1b) . Most of the delaying trends were <3 days decade −1 and only 13% were significant. The other 27% of pixels showed advancing EOS, mostly >−3 days decade −1
, mainly in the south-western and central to northern areas, but only 1% were significant. Spatial patterns in the trends of EOS determined using individual methods were similar (supplementary Fig. S1 ), so we used the mean EOS over the four methods in the following analyses.
Correlations between EOS and its potential drivers
The inter-annual variation in regionally averaged EOS had a significant partial correlation with pre-season temperature (R = 0.63, P < 0.01), but not with pre-season precipitation and insolation or with SOS (Fig. 2) .
Across the Plateau, EOS had positive partial correlations with pre-season temperature in 82% of the pixels, which were significant in 31% of the pixels (P < 0.05, Fig. 3a) , mainly in the eastern half and north-western area, and strongest (R > 0.479) mostly in the centre-east. EOS had negative but non-significant correlations with temperature mainly in the south-west. The period when temperature had the strongest effect on EOS was mostly 2 months before EOS mean (supplementary Fig. S2a) .
In contrast, EOS had negative partial correlations with preseason precipitation in 55% of the pixels (Fig. 3b) , which were significant (P < 0.05) in 10% of pixels, mainly in the centre of the Plateau. The other 45% of pixels had positive correlations, mainly at the eastern and southern edges, and only a few correlations were significant. The period when precipitation had the strongest effect on EOS was also mostly 2 months before EOS mean and was in general shorter in the western half (supplementary Fig. S2b) .
The partial correlations between EOS and insolation showed high spatial variation (Fig. 3c) . The correlations were significantly negative (P < 0.05) in 12% of the pixels, mostly in the centre to centre-east. They were non-significantly negative in 37% of pixels but were mostly positive in the west and east and in the north. Correlations were significantly positive (P < 0.05) in 11% of pixels, mainly at the eastern edge. The period when insolation had the strongest effect on EOS was again mostly 2.5 months before EOS mean and was in general shorter in the western half and the east (supplementary Fig. S2c ).
The partial correlations between EOS and SOS showed a different spatial pattern from those between EOS and climatic factors. Correlations were significantly positive (P < 0.05) throughout the south-west (Fig. 3d) , accounting for 19% of pixels. They were non-significantly positive in a narrow band along about 32°N from 90°E towards the eastern edge. In the areas north and south of this transect and in the centre-west, correlations were mostly negative and were slightly stronger in the north. In total, the correlations were negative in 35% of pixels, and significantly so in 5%. Fig. 5e further shows the spatial distribution of the most significant factor controlling EOS, according to the significance level of the partial correlation. Among the three climatic factors, pre-season temperature was most significant factor in about 24.1% of the pixels, followed by pre-season insolation (12.2%) and precipitation (10.1%). SOS was most significant factor in about 18.3% of the pixels, more than preseason insolation and precipitation. However, in 35.3% of the pixels, none of the four variables showed significant partial correlation with EOS.
Spatial patterns in correlations between EOS and its dominant drivers
As shown above, the most influential climatic driver of inter-annual variations in EOS was pre-season temperature. The partial correlations between EOS and pre-season temperature were in general higher in colder (i.e. with a lower 30-year-average pre-season temperature) and wetter (i.e. with a higher 30-year-average pre-season precipitation) areas (Fig. 4) . Moreover, they were stronger in areas with a longer growing season (Fig. 5) . In areas with a shorter growing season, the inter-annual variations in EOS were more strongly driven by SOS (Fig. 5) .
DIScUSSION
Temporal changes in EOS on the Tibetan Plateau and their drivers
EOS at the Northern Hemisphere's middle and high latitudes has been significantly delayed over the past three decades, mainly as a result of pre-season warming (supplementary Table S3 ), and might have increased ecosystem carbon uptake (Keenan et al. 2014) . In some regions, the EOS delay was larger than the SOS advance (Garonna et al. 2016; Zhu et al. 2012) , the opposite of the case in the 1980s and 1990s (Piao et al. 2006; Zhou et al. 2001) . On the Tibetan Plateau, although temperature substantially increased (Duan and Xiao 2015) and there was a significant partial correlation between EOS and pre-season temperature (Figs.  2 and 3a) , two recent studies reported no significant trend in EOS (0.4 day decade −1 , P = 0.08, Che et al. (2014) and 0.15 day decade −1 , P = 0.75, Ding et al. (2015) . Using the GIMMS NDVI3g and four interpolation methods, we confirmed that the regionally averaged EOS did not experience significant change (P = 0.18). Hence, the growing season Inter-annual partial correlations between regionally averaged EOS and pre-season temperature, precipitation and insolation, and SOS. EOS was averaged over the four methods. ***Significant at P < 0.01. extension over the past 30 years on the Tibetan Plateau was due mainly to the advance of SOS. Autumn warming may not have increased the production of vegetation, because EOS was not delayed, and higher temperatures can enhance ecosystem respiration. The absence of an EOS trend is associated with spatial variations: advancing EOS in 27% of pixels (mainly in the south-western and central to northern areas) and delaying EOS in 73% of pixels (mainly at the eastern edge and in the western half). The widespread yet weak delaying EOS in the eastern and north-western areas is due mainly to pre-season warming (supplementary Fig. S3 ), given the widespread positive partial correlations, consistent with previous studies (Ding et al. 2015; Yang et al. 2015) , between EOS and pre-season temperature. The delaying EOS in the western half (except the north-west) may be caused by the delaying SOS (Shen et al. 2015c) , as indicated by the positive partial correlation between EOS and SOS. This correlation implies the impact of weather conditions in the previous late winter and early spring on EOS through their regulation of SOS. The widespread lack of correlation of EOS with pre-season precipitation and insolation suggests that those factors exerted limited effects on inter-annual changes in EOS, although the EOS advance at the south-western edge of the Plateau, where EOS was positively related with precipitation, might have been caused by a decline in precipitation (Yao et al. 2012) , and the EOS advance in the central and northern areas, where EOS was negatively related with precipitation, might have been caused by an increase in precipitation (Yao et al. 2012) .
The GIMMS NDVI dataset has been criticized for its low quality for estimating changes in SOS on the Tibetan Plateau (Zhang et al. 2013) . However, the third generation of GIMMS NDVI has been improved (Pinzon and Tucker 2014) and the temporal changes in EOS determined on such dataset have been shown highly consistent to those from SPOT NDVI, a dataset with high fidelity regarding changes in phenology (Ding et al. 2015) . Nevertheless, further studies are still needed to quantify the uncertainty associated with the remote sensing based retrieval of phenological changes.
Controls on spatial variations in impacts of temperature and SOS on EOS
As in many other cold and temperate regions on Earth (Dragoni and Rahman 2012; Jeong et al. 2011; Liu et al. 2016a) , we found that higher pre-season temperature could delay EOS on the Tibetan Plateau, as reported previously (Che et al. 2014; Ding et al. 2015 ). An experimental warming study found that higher temperature slowed the degradation of chlorophyll on the Tibetan Plateau (Shi et al. 2014) , suggesting that warming could delay EOS. Higher temperature may alleviate frost injury by reducing the number of freezing days and thus delaying leaf senescence. This is important because temperatures often fall below freezing during nights preceding EOS.
In addition to temperature, the positive partial correlation between EOS and SOS indicates remarkable delaying effects of later SOS on EOS in the south-western Plateau. Such effects have been reported elsewhere in recent studies based on satellite data and warming experiments (Fu et al. 2014; Keenan and Richardson 2015; Liu et al. 2016a; Wu et al. 2016a) . Several explanations have been proposed for such a carryover effect of SOS, such as the dependence of leaf senescence on leaf traits, impacts of SOS on summer water conditions, spring frost and plants' carbon pool, which may affect EOS (for a more detailed discussion see Liu et al. (2016a) ).
Although pre-season temperature was the dominant environmental factor affecting EOS, and SOS played a role in inter-annual changes in EOS over a considerable area of the Tibetan Plateau (our result), temperate China and the Northern Hemisphere (Fu et al. 2014; Keenan and Richardson 2015; Liu et al. 2016a; Wu et al. 2016a) , the role of spatial variations in the impact of pre-season temperature and SOS on temporal changes in EOS is poorly understood. Spatial variations in the effects of pre-season temperature on EOS were associated with both climate background (30-yearaverage pre-season temperature and precipitation) and vegetation phenology trait (30-year-average growing season length). Higher pre-season temperature had stronger delaying effects on EOS in colder and wetter areas (those with a lower pre-season temperature and more pre-season precipitation). Vegetation may have adapted to climate by timing leaf senescence optimally to prepare for overwintering (Estiarte and Peñuelas 2015) . In colder areas, vegetation may track temperature more closely to avoid or eliminate the risk of freezing preceding EOS. Such a strategy should be facilitated by better water conditions, which explains the stronger positive correlation between EOS and pre-season temperature in wetter areas. In cold and more arid areas, the correlation between EOS and pre-season temperature should be weaker than the cold and wetter areas. Such a dependence of a temporal correlation between EOS and pre-season temperature on climate background has important implications for projecting the impacts of future climate warming on EOS on the Tibetan Plateau. In warmer and more arid areas, vegetation EOS may be more connected to photoperiod and may be affected by water stress, and thus be less cued by temperature.
The weaker dependence of temporal changes in EOS on pre-season temperature for vegetation with a shorter growing season indicates that that vegetation may have a more conservative strategy, with leaf senescence being less sensitive to temperature to maximize nutrient resorption. Any life-cycle stage of plants depends on the previous stage (Jiang et al. 2016; Post et al. 2008) . This probably means that shorter-season vegetation has lower plasticity in adjusting the length of the growing season, whenever the growing season begins (i.e. a more fixed leaf life-span), and being sensitive to temperature may increase the risk of interference with the senescence timetable. Hence, we can infer that the temporal changes in EOS of shorter-season vegetation should be more strongly connected to SOS (evidenced by Fig. 5b) , and that those of the longer-season vegetation could be more strongly connected to pre-season temperature (evidenced by Fig. 5a ), because a longer growing season allows greater plasticity in adjusting the span of the life-history stage.
Impacts of precipitation and insolation on EOS
An increase in pre-season precipitation can advance SOS on most of the Tibetan Plateau (Shen et al. 2015b) . In contrast, the negative partial correlations between EOS and pre-season precipitation (mainly in the central, northern and western areas) indicate that increasing precipitation may advance EOS in those areas. This potential advance is further supported by the negative partial correlation between NDVI and pre-season precipitation in the same regions (supplementary Fig. S4 ), which also suggests that EOS was determined correctly from NDVI. This effect of precipitation on EOS could be caused by negative effects of the low temperature that accompanied the precipitation. Moreover, precipitation at low temperatures preceding EOS may cause frost damage to vegetation. Negative correlations between EOS and precipitation occurred mainly in the centre, north and west, where the sandy soil has low field capacity and thus may affect the plants' use of precipitation (Wu et al. 2016b) . This limited use of precipitation, combined with the low temperature and potential frost accompanying precipitation, could further contribute to the effect of precipitation in advancing EOS in those areas. On the other hand, the delaying effect of an increase in precipitation may be due to alleviated water stress (Liu et al. 2016b; Munne-Bosch and Alegre 2004) .
As in a previous study (Liu et al. 2016b) , we found a weak correlation between EOS and insolation on the Tibetan Plateau at the regional level and widespread weak effect of insolation on EOS across the Plateau. This weak effect of insolation may be due to the insensitivity of the EOS to changes in insolation because of the high-level solar radiation on the Tibetan Plateau. In a few areas, we found significant positive and negative correlations between EOS and insolation. Higher insolation may delay EOS by retarding the production of abscisic acid, maintaining a high chlorophyll concentration, or more sunshine hours (Liu et al. (2016b) ). The advancing effect of higher insolation, mainly in the centre and centreeast, may be caused by water stress due to a decline in soil moisture under high radiation (Estiarte and Peñuelas 2015; Peng et al. 2013) . Increasing insolation may also result in chlorophyll degradation by causing excess excitation energy in the chloroplasts (Juvany et al. 2013) , which indicates a decreasing NDVI value and thus earlier EOS.
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